This study demonstrates wear-protective tribofilms produced by supplying nanometer-sized oxide particles on rubbing steel surfaces. Particularly, the influence of the type of supplied oxide, atmosphere and applied load in the tribofilm production process, on the behavior of tribofilm formation and the wear of the tribofilms have been investigated in detail. Tribofilms were produced by supplying CuO (mean particle diameter: 48 nm), Fe 2 O 3 (30 nm) or Bi 2 O 3 (51 nm) oxide particles in a normal laboratory atmosphere of air or in a vacuum (8×10 -4 Pa)
Introduction
It has been reported that tribofilms are formed on the rubbing surface by compaction of wear debris particles (1) - (5) , chemical reaction with lubricant additives (6) - (8) , oxidation (1) (9) , material transfer from the counter surface (10) (11) and severe plastic deformation (12) (13) . Their thicknesses range from less than molecular monolayers up to millimeters, depending on the application and the materials used (14) . These tribofilms formed during the friction process often improve tribological performance effectively, which means lower friction and remarkably reduced wear of materials, owing to a tendency to suppress adhesion between the contacting metals. Therefore, producing wear-protective tribofilms in a positive manner is considerably important from a practical point of view. In a previous study (15) , the author investigated the influence of artificial supply of nanometer-sized fine oxide particles onto rubbing steel surfaces using a pin-on-disc wear test method. The results show that severe to mild wear transitions after sliding for a certain 2 , or TiO 2 nanoparticles were supplied, no transition from severe to mild wear was observed, as also occurred in the absence of particles. The transition to mild wear was due to formation of wear-protective tribofilms on the rubbing surfaces.
Observations confirmed that the supplied oxide nanoparticles had not been only compacted, but also adhered and bonded strongly onto the contacting surfaces. The fine particles on the rubbing surfaces, which have high surface energy, were subjected to sintering together (tribo-sintering), resulting in development of thin and solid layers (tribofilms). Therefore it is reasonable to expect that the tribofilms produced by the supply of oxide nanoparticles would reduce the wear even if no particles exist on the surface. The advantage of the tribofilms is the variety of the composition by changing supplied particles. In this paper, tribofilms were produced by supplying CuO, Fe 2 O 3 or Bi 2 O 3 oxide nanoparticles onto rubbing steel surfaces, and the wear properties of the produced tribofilms were tested. Particularly, the influence of the tribofilm production conditions such as the type of supplied oxide, atmosphere and applied load, on the behavior of tribofilm formation and the wear of the tribofilms have been investigated in detail.
Experimental
The experimental apparatus is almost the same as that employed in the previous study (15) . Tribofilms were produced in a normal laboratory atmosphere of air or in a vacuum (8×10 -4 Pa) by using a pin-on-disc friction method, which is schematically illustrated in Fig.1 . A pin, 5 mm in diameter and 20 mm in length, was loaded on a rotating disc, which has a diameter of 60 mm and a thickness of 5 mm. The rubbing track has a diameter of 45 mm. A groove, 2 mm in depth and 7 mm in width, was produced in the disc by machining, in order that supplied particles would not leave the rubbing surface. The material used for the pin and disc specimens was normalized 0.45 mass% carbon steel (JIS S45C). The test particles supplied were CuO (mean particle diameter: 48 nm), α-Fe 2 O 3 (30 nm), and Bi 2 O 3 (51 nm) oxide, which were produced by a physical vapor synthesis process, and commercially available. The reason for the choice of these oxide is that when these oxide particles were supplied a severe-mild wear transition occurred owing to the tribofilm formation (15) . Figure 2 is TEM (transmission electron microscopy) observation of these particles, which shows that the particles were almost spherical, and that the size of the particles varied in a certain range. Before the start of rubbing, the test particles were carefully supplied onto the groove surface of the disc, as shown in Fig.3 . A particle adjuster was set up, in order that the supplied particles would be placed on the disc surface that came into contact with the pin during rotating of the disc. Soon after the start of rubbing, the particles were accumulated in front of the sliding pin. The amounts of particles supplied were in the range of 0.1 to 0.5 g, depending on the particle type; these amounts were sufficient to keep the accumulation of the particles in front of the pin throughout the test. For the purpose of comparison, a pin was rubbed against a disc no particles being supplied. The tribofilm formation tests were carried out at a sliding speed of 0.05m/s for 40 minutes. The applied load was varied in the range of 10-40 N. After a tribofilm formation test, the surfaces were examined by a charge-coupled device (CCD) microscope and a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectroscope (EDX). The wear properties of the produced tribofilms on the surfaces were investigated by using the same pin-on-disc machine without the supply of any particles. Figure 4 illustrates the experimental procedure of the wear tests for the tribofilms. In the case of the wear test of tribofilms produced on the pin surface, the pin specimen with the tribofilms was rubbed against a new disc (as machined). In the case of the wear test of tribofilm produced on the disc surface, the disc specimen with tribofilm was rubbed against a new pin (as machined). The material used for the new pin and disc specimens was normalized 0.45 mass% carbon steel. Before performance of a wear test, the supplied particles and generated wear debris were collected, and the remains of the particles were completely removed from the rubbing surface by ultrasonic cleaning in acetone. All wear tests were carried out in an air atmosphere at a load of 20 N and a sliding speed of 0.05 m/s. Figure 5 is a set of photographs of the pin surfaces observed by a CCD microscope. Figure 5(a) shows the pin employed in the test in which no particles were supplied. As can be seen, the surface was fairly bright and shiny owing to the occurrence of intensive metallic adhesion. This photograph shows no evidence for production of tribofilms on the surface. Meanwhile, Figs 5(b), (c) and (d) show the pins employed in the tests in which CuO, Fe 2 O 3 and Bi 2 O 3 nanoparticles were supplied in air at a load of 20 N, respectively. The surfaces were partially discolored to black. The patchy black areas are considered to be wear-protective tribofilms. It can be seen that the CuO and Fe 2 O 3 tribofilms were produced on many small areas of the surface. On the other hand, the areas of the Bi 2 O 3 tribofilms were relatively wider. Figure 6 is a set of SEM micrographs of the surfaces of the same pin specimens shown in Fig.5 . It was found that the surface of the pin employed in the test in which no particles were supplied (Fig.6(a) ) was rough and deeply tone due to the occurrence of adhesion. The CuO and Fe 2 O 3 tribofilms (Fig.6(b) and Fig.6(c) , respectively), which were discolored to white, were produced on the wear grooves of the pin surfaces. The wear grooves are considered to have been formed by rubbing at the initial stage of the tribofilm formation. Thus, the thickness of the CuO and Fe 2 O 3 tribofilms can be estimated to be considerably thin. On the contrary, the Bi 2 O 3 tribofilms (Fig.6(d) ) were produced on the surface relatively thickly. were supplied in air at a load of 20 N, respectively. Similar to the case of the pin, CuO tribofilms were found to be formed on the wear grooves of the disc surface. In the case of Fe 2 O 3 particles, tribofilm "islands" (1) , which are considered to be produced by compacting and tribo-sintering of the supplied particles at the real contact areas, were formed on the surface. On the other hand, the areas of Bi 2 O 3 tribofilms were much wider. This is probably due to the high sintering rate of Bi 2 O 3 oxide particles because of the relatively low melting point of the oxide (15) . Figures 8 and 9 are results of EDX analysis of the disc surfaces of the tests where CuO and Bi 2 O 3 particles were supplied in air at a load of 20 N, respectively. These results confirmed that the white areas in the SEM images were the tribofilms produced by supplying the oxide particles. A trial to estimate the thickness of the produced tribofilms was made by examining a cross-section of the specimen. Figure 10 is an optical microstructure of a transverse section normal to the rubbed surface of the disc specimen. In both cases of Fe 2 O 3 and Bi 2 O 3 particles, it was impossible to estimate the tribofilm thickness, because tribofilms were not identified in this observation. Although the thickness of tribofilm can be assumed to be less than 2～3 μm, more investigations by employing another technique are required. Figure 11 shows the wear test results of the tribofilms produced by supplying oxide nanoparticles in air at a load of 20 N. Figure 11 pin, which was monitored continuously during the wear test by a laser-type displacement sensor connected to a recorder. The pin specimen as machined showed severe wear throughout the wear test. Similarly, in the case of the pin specimen employed in the test where no particles were supplied, the wear rate was high throughout the wear test. On the other hand, the pin specimens employed in the tests where CuO, Fe 2 O 3 or Bi 2 O 3 oxide particles were supplied, showed transitions from initial low wear to steady high wear. These transitions were considered to be due to the wear removal of the tribofilms produced on the pin surfaces. Particularly, the sliding distance of the transition was the longest for the Bi 2 O 3 tribofilms, probably owing to the thick tribofilms produced. Figure 11 (b) indicates the wear curves of the tribofilms produced on the disc surfaces. In the same manner as the pin specimen, the disc specimen employed in the test where no particles were supplied, showed severe wear throughout the wear test. In contrast, in the case of the disc specimens employed in the tests where tribofilms were produced by supplying CuO or Fe 2 O 3 oxide particles, transitions from initial low wear to severe wear occurred. The sliding distance of the transition was longer than that of the pin specimen. Moreover, the tribofilms produced by supplying Bi 2 O 3 oxide particles showed a low wear rate throughout the wear test, resulting in a very small wear volume. The reason why the Bi 2 O 3 tribofilms showed the lowest wear can be associated with the wide area of the produced tribofilms. Figures 12(a) and (b) shows SEM micrographs of the surfaces of the tribofilms which were produced on the pin surface by supplying Bi 2 O 3 oxide particles at a load of 20 N in air and in a vacuum, respectively. It was found that the tribofilm produced in air was considerably porous compared with that produced in a vacuum, the structure of which was fine and dense. This suggests that the progress of tribo-sintering of the particles was enhanced in a vacuum (16) .
Results and Discussion

Effects of type of supplied oxide particles
Influence of atmosphere in tribofilm production
(a) Tribofilm produced in air (b) Tribofilm produced in a vaccum Figure 13 shows the effects of the atmosphere of tribofilm production on the wear test results. Figure 13(a) indicates the wear curves of the tribofilms produced on the pin surface at a load of 20 N. In both cases of CuO and Bi 2 O 3 particles, the sliding distance of the transition from mild to severe wear was longer for the specimens in the tests in which the oxide particles were supplied in a vacuum. Similarly, Figure 13 (b) represents that the CuO tribofilms produced on the disc surface in a vacuum showed longer mild wear than that produced in air. This is probably due to the dense structure and the wide area of the tribofilms produced in a vacuum. On the other hand, both the Bi 2 O 3 tribofilms produced on the disc surfaces in air and in a vacuum showed mild wear throughout the wear tests. 
Effects of applied load in tribofilm production
This study has demonstrated, for the first time, that the tribofilms produced by supplying Bi 2 O 3 nanoparticles in a vacuum reduced the wear considerably. It is reasonable to consider that the applied load is a significant condition which affects the tribofilm formation. Figure 14 shows the effects of applied load on the formation of the tribofilms produced by supplying Bi 2 O 3 particles in a vacuum. At a low load of 10 N (Figs 14(a) and  (d) ), the areas of the produced tribofilms were considerably small, owing to the limited real contact area between the surfaces of the pin and disc. It can be seen that machining scars formed in the specimen preparation still remained on the surfaces. Meanwhile, at a middle load of 20 N (Figs 14(b) and (e)), the area of the tribofilms became much wider, and the surfaces were almost covered with the produced tribofilms. This finding means that under a high load, the supplied particles were easily sintered on the rubbing surface, owing to the high contact pressure and the larger area of real contact. Another important point to be emphasized is that the area of tribofilms produced on the pin surface in a vacuum was much wider than that of tribofilms produced in air at the same load, which was shown in Fig.5(d) . This can explain very well the effects of atmosphere on the wear behavior of the Bi 2 O 3 tribofilms produced on the pin surfaces ( Fig.13(a) ). On the other hand, at an extremely high load of 40 N (Figs 14(c) and (f)), a lot of wear scars were identified on the surfaces, and the area of the produced tribofilms was very small. The load was so high that the removal of the formed tribofilms occurred by rubbing wear. Therefore, it can be concluded that the tribofilms should be produced at a suitable load, which is not too low or not too high. Figure 15 shows the effects of the applied load in tribofilm production on the wear test results. The tribofilms were produced by supplying Bi 2 O 3 particles in a vacuum. The tribofilms produced on the pin surface at 20 N showed longer sliding distance of the transition than that produced at 10 and 40 N. This can be explained by the difference in the area of the produced tribofilms. However, the tribofilms produced on the disc surface at any load showed mild wear throughout the wear test. The load of the wear tests (20 N) may be too low to assess the effects of the Bi 2 O 3 tribofilms production for the disc specimens. 
Conclusions
In this paper, tribofilms were produced by supplying CuO, Fe 2 O 3 or Bi 2 O 3 oxide nanoparticles onto rubbing steel surfaces by using a pin-on-disc friction method, and the wear properties of the produced tribofilms were studied. Particularly, the influence of the tribofilm production conditions such as the type of supplied oxide, atmosphere and applied load, on the behavior of tribofilm formation and the wear of the tribofilms have been investigated in detail. From the experimental results, the following conclusions have been drawn. The tribofilms produced in a vacuum showed longer sliding distance of the transition from mild to severe wear than those produced in air, owing to the dense structure and the wide area of the produced tribofilms. (4) The tribofilms produced by supplying Bi 2 O 3 particles at a middle load of 20 N in a vacuum presented the best performance in the wear tests. This suggests that the tribofilms should be produced at a suitable load, which is not too low or not too high. 
